Abstract: A compact and wavelength-calibration-free interferometric scheme was numerically and experimentally investigated using an extreme ultraviolet (EUV) source generated by a laser-produced plasma. A Michelson-type interferometer with a common path, formed by a Si/Mo-multilayer-based beam splitter and mirror, was utilized to achieve system compactness. Based on the Wiener-Khinchin theorem, an accurate EUV spectrum was obtained by numerically analyzing the measured signal autocorrelation without performing wavelength calibration. The achieved spectral resolution of 30 pm was comparable to those of flatfield spectrometers. Various high-oxidation states of Sn and the residual O in the vacuum chamber were also successfully identified.
Introduction
Demands for light sources in the extreme ultraviolet (EUV) and soft-X-ray wavelength ranges have been increasing in recent years due to the potential applications of these sources in element-specific spectroscopy, high-resolution microscopy, and surface analysis [1] , [2] . The relative transparency of the "water window" in the soft X-ray regime also provides solutions for high-resolution imaging in the biological and medical sciences [3] , [4] . Microscopy and spectroscopy using EUV and soft X-ray radiation have ineluctable practical restrictions due to the limited optics and sources available in these wavelength ranges. Within the last decade and in conjunction with the rapidly developing advanced material design sector, the scale length attracting interest has decreased from micrometers to a few nanometers. Research in the semiconductor circuit industry, in which fast and power-saving solutions are key objectives, as well as in structural biology and environmental chemistry, in which nanostructures are of great interest, requires nanometer-order resolution. A 13.5 nm EUV source generated by laser-produced plasma (LPP) appears to be practical for use in next-generation photolithography applications [5] - [7] . Highly stable fiber-laser sources, in comparison to synchrotron radiation, could facilitate more stable and compact EUV generation for biomedical imaging applications such as optical coherence tomography [8] , [9] .
Spectrum diagnosis is currently widely adopted for EUV device characterization, such as for analyzing magnetically confined plasma emission. In the past several decades, researchers have broadly accepted the use of flat-field spectrometers in the 5-50 nm wavelength range for this application [10] , [11] . A flat-field EUV spectrometer requires four main components, namely, an aberration-corrected concave grating, an entrance slit, an X-ray shutter, and a deep-cooled backilluminated charge-coupled device camera [12] , [13] . In such a system, the spectral range is limited by the aberration-corrected concave grating, while the grating period controls the spectral resolution [14] . The record high resolution is approximately 15 pm at a center wavelength of 20 nm. One main drawback of flat-field spectrometers is the inconvenience of performing wavelength calibrations. Synchrotron radiation sources are generally required for the wavelength calibration of EUV flatfield spectrometers in the 5-50 nm wavelength range [15] - [17] . Synchrotron radiation, however, presents several disadvantages, including small emission volumes and lack of polarization control.
In the past decade, EUV interferometry has been implemented for the measurement of the temporal coherence and related spectrum, using different interferometric configurations and optics [18] - [22] . To realize a calibration-free and compact EUV spectrometer, we propose a Michelsontype interferometric configuration, combined with Wiener-Khinchin theorem based computation [23] . Because of their short operation wavelengths, traditional dual-arm EUV interferometric spectrometers require optical devices with high surface flatness. Adopting the common-path design reduces such a requirement and enables compact and stable operation [24] . Based on the WienerKhinchin theorem, the Fourier transform of the autocorrelation function of a signal is the power spectrum of the signal. It is equivalent to state that the output power spectrum equals the input power spectrum times the energy transfer function [25] - [27] . This method enables the reflection spectrum across the entire available optical bandwidth to be obtained in a single measurement. Such an EUV spectrometer could thus be used without calibration by accurately controlling the optical paths, which can be done with high-precision piezoelectric transducers.
LPP EUV Generation
The laser driver for the presented tabletop LPP EUV generation was a four-stage, mirror-free, nanosecond Yb 3+ -doped fiber master oscillator power amplifier (MOPA) system with the configuration shown in Fig. 1(a) . The seed laser was a linearly polarized semiconductor laser with a center wavelength of 1064 nm and a bandwidth of 0.24 nm. The seed pulse was pre-amplified by a two-stage, 976-nm core-pumped, single-mode, polarization-preserving fiber amplifier.
The pre-amplifier generated linearly polarized 1064 nm pulses with energies of 8 μJ and peak powers of 400 W. The pre-amplifier was followed by two stages of cladding-pumped, linearly polarized, large-mode-area (LMA) Yb 3+ -doped fiber. Fiber-pigtailed isolators and narrow-linewidth bandpass filters were used between the pre-amplifier and amplifier stages to suppress the amplified spontaneous emission. The gain fiber of the third-stage amplifier has a 15/250 μm double-clad structure with core and cladding numerical apertures (NAs) of 0.06 and 0.45, respectively. In this study, a 30 μm core Yb 3+ -doped DC LMA fiber with a core NA of 0.06 and cladding diameter of 250 μm was employed as the gain medium of the final power amplifier. The active fiber lengths of the third-and fourth-stage power amplifiers were 1.9 m and 1 m, while the pump powers were 18 W and 64.2 W, respectively. An angle-cleaved core-less fiber end-cap was spliced on the output end of the gain fiber in the fourth stage. Despite a large effective mode area, a beam quality of M 2 < 1.55 was achieved through fiber coiling and mode-matching splicing. Fig. 1(b) illustrates the 4.1 ns pulse generated by the four-stage fiber MOPA at a repetition rate of 20 kHz. The maximum pulse energy and peak power are 1.01 mJ and 161 kW, respectively. Fig. 1(c) shows the output spectrum with a full-width at half-maximum (FWHM) linewidth of approximately 1.44 nm centered at 1064 nm. Compared with the 0.24 nm FWHM linewidth of the seed laser, the broadened pulse linewidth could have originated from either self-phase modulation or cross-phase modulation [28] , [29] . An 1-inch plano-convex lens with a focal length of 35 mm was emplyed to collimate the output beam of the 1064-nm fiber amplifier. In addition, a beam expander was utilized in front of the vacuum chamber to provide a ten-fold increase of the 1064-nm beam diameter. The beam expander was composed The temporary shapes of the generated EUV pulses are shown in Fig. 2 . The FWHM EUV pulse width is ∼3.6 ns when the laser intensity is 70 GW/cm 2 or 60 GW/cm 2 and ∼2.4 ns when the laser intensity is 50 GW/cm 2 . Fig. 1(a) shows that the common-path-configured interferometer. Both the Si/Mo multilayer optics and EUV detector were properly placed to sample a small portion of the EUV at an angle of approximately 45°from the incident laser. Fig. 3 shows an enlarged view of the EUV interferometer. Si/Mo multilayer stacks conducted both beam splitting and reflection. The EUV detector was placed to detect the EUV signal, which was 45°reflected from the beam splitter. The beam splitter displayed both transmittance and reflectance of 27% at 13.4 nm under the incident angle of 45°. The Si/Mo mirror had a reflectance of 70% at 13.5 nm. The interferometric spectrometer was scanned axially by the Si/Mo mirror using a piezoelectric transducer (PZT). A Be window blocked the LPP emission for wavelengths that are shorter than 10 nm and longer than 50 nm. A Si/Mo multilayer structure, shown in Fig. 4 , was employed in the EUV beam splitter. We performed a numerical simulation to evaluate this structure's influence on the distortion of the LPP-EUV spectrum. The interferometric signal consisted of the sum of the light reflected from each of the interfaces. By selecting a proper optical path length for the reference arm, the interferometric signal I inter can be expressed as [30] , [31] 
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where a s and a r are attenuation factors arising, for instance, from optical elements in the beam path; η is the interference efficiency; I s and I r are the incident intensities of the sample and reference arms, respectively; and η 0 is the surface admittance of the incident medium, which, in this case, was air. Equations (2) and (3) can be used to calculate Y, the surface admittance of the thin films and substrate. In these equations, B and C are the normalized total tangential electric and magnetic fields, respectively. δ j is the phase difference (2πn j d j /λ) of layer j, and y j is the characteristic admittance of layer j. The phase difference of the Si and Mo layers can be calculated from the refractive index, extinction coefficient, central wavelength of the incident light, and thickness of the thin film. In this study, the values of d Si , d Mo , n Si , and n Mo were 6.7 nm, 3.7 nm, 1.0002 and 0.927, respectively. At 13.3 nm, the phase differences of the Si and Mo layers were 3.16 and 1.62, respectively. The thin-film stack contained eight pairs of Si and Mo layers, which means that the number of layers was 16.
In the simulation, we adopted a 13.3 nm incident beam with a 3 dB width of 0.72 nm to verify the impact of the Si/Mo stack on the broadband interferometry results. This simulation yielded FWHM interferometric signal linewidths of 153.3 nm and 155.6 nm for the cases with a Si substrate and eight pairs of Si and Mo layers, respectively. These results demonstrate that the multilayer interfaces and dispersion negligibly affected the broadband interferometer.
We then performed an experiment to confirm the simulation predictions. The Si/Mo mirror was mounted on a PZT to fine-tune the distance between the beam splitter and the Si/Mo mirror. The maximum traveling distance and resolution of the PZT were 10 μm and 0.1 nm, respectively. About 10000 shots on the detector were accumulated for each PZT traveling distance of 10 μm. Fig. 5 shows the measured interferometric signal as a function of the PZT traveling distance, indicating that the coherence length of the EUV source is about 64.6 nm, and the estimated temporal coherence of the light source is about 0.21 fs. The ∼10-μm spatial coherence of the EUV source is determined by the focused spot size of the pulsed IR laser. Due to the high vacuum chamber environment, it is expected that the spatial coherence can be maintained during the EUV transmission to the beamsplitter.
Through Fourier transform, the EUV spectrum can be acquired based on the Wiener-Khinchin theorem after filtering out the autocorrelation term which appeared at the negative spectral range. 
Simulated and Computed EUV emission Spectra
To further understand the emission spectrum appearing in Fig. 6 , we performed the simulation of EUV generation from dense plasmas using a simplified numerical model. The model had been developed based on the collisional-radiative-equilibrium (CRE) model [37] and radiative database calculated by the atomic-structure code [38] to determine the ion distribution in plasmas for the corresponding electron temperature and ion density. The EUV emission spectra can be conveniently estimated from the respective weighted oscillator strength gf for Sn ions with charged states varying from 5+ to 13+ [39] . In addition, the reabsorption effect of broad-band EUV can be estimated by referring to the measured opacity [40] rather than doing intensive calculations [41] , [42] . The simulation results enabled us to obtain the wavelength-depend EUV emission probability produced by different Sn ionization transition states for different electron temperatures T e and ionization densities n i . In this paper, we focused on the analysis of EUV spectra from the Sn plasma with an electron temperature of 41 eV and an ionization density 10 20 cm -3 which are in the range of optimized conditions [43] - [45] for EUV generation under our laser conditions. The blue and red lines shown in Fig. 7 present the simulated and computed EUV emission spectra obtained using a laser intensity of 60 GW/cm 2 , an electron temperature T e of 41 eV, and an ionization density n i . of 10 20 cm −3 . As the weighted oscillator strength gf is directly related to the emission intensity, the blue lines are referred to the simulated EUV emission spectra. As can be seen from Fig. 7 , the computed center peak of the EUV spectrum agrees well with the simulation results. The inset table lists the contribution percentages of simulated EUV emission from Sn ions in different charged states. The result indicates that the most of EUV emission, in this wavelength region, comes from Sn 10+ . Theoretically speaking, the operating spectral range and resolution in this study were determined by the PZT traveling resolution and distance. The achieved 30 pm spectral resolution could be improved by increasing the PZT traveling distance. The high absolute wavelength accuracy obtained using the proposed time-domain technique was confirmed by the numerical simulation and could be further increased with more accurate calibration.
Conclusion
In summary, we presented both theoretical and experimental studies of a compact and wavelengthcalibration-free EUV spectrometer. The proposed system is based on a Michelson-type interferometer with a common path configuration. The numerical computations based on the Wiener-Khinchin theorem yielded an accurate EUV spectrum without wavelength calibration. For the experimental demonstration, an LPP-based EUV source was utilized. The LPP-EUV source was excited by a 4-stage Yb 3+ -doped fiber MOPA system with a pulse energy of 1.01 mJ, a peak power of 161 kW, and a pulse width of 4 ns at a 20 kHz repetition rate. Our theoretical results demonstrate that the employed Si/Mo multilayer structure did not distort the interferometric signal as long as the layer thickness was less than the center wavelength of the incident light. The achieved 30 pm spectral resolution was comparable to those of EUV flat-field spectrometers. The wavelength accuracy was further confirmed by the integrated numerical model. In addition, various high-oxidation states of Sn and residual O were identified. This compact and calibration-free spectroscopic tool could be useful for plasma characterization and mask evaluation in the EUV wavelength range.
